High tensile strength of 616 MPa and improved ductility of 7.6 pct were obtained in powder-consolidated pure Cu processed by high-pressure torsion (HPT) at room temperature followed by post-annealing at 673 K (400°C). The powder-HPT consolidation process maintained nano-crystalline microstructures even after post-annealing due to the presence of well-dispersed oxide particles in the matrix. Higher ductility in the post-annealed specimen is attributed to higher fraction of stable R3 coincidence site lattice boundaries than that in the HPT-processed Cu. One of the critical microstructural factors that affect the properties of materials is the grain boundary (GB). Hence, GB engineering has been extensively attempted to improve bulk properties of conventional materials. [1, 2] GBs comprise an extremely high volume fraction in ultrafine-grained (UFG)/nano-crystalline (NC) metallic materials, so their effect is much more significant in UFG/NC metals than that in coarse-grained metals. Various methods, such as nanopowder compaction, mechanical alloying, nanocrystallization of amorphous alloys, and severe plastic deformation (SPD), can be used to produce UFG/NC materials, and these processes result in various microstructures with different GB characteristics.
GBs comprise an extremely high volume fraction in ultrafine-grained (UFG)/nano-crystalline (NC) metallic materials, so their effect is much more significant in UFG/NC metals than that in coarse-grained metals. Various methods, such as nanopowder compaction, mechanical alloying, nanocrystallization of amorphous alloys, and severe plastic deformation (SPD), can be used to produce UFG/NC materials, and these processes result in various microstructures with different GB characteristics. [3] [4] [5] [6] Also, depending on the SPD process used, different types of GB can be formed in UGF/NC materials, like high-angle or low-angle GBs and special or random GBs. [6] [7] [8] The most successful ''top-down'' approach to produce bulk UFG/NC metallic materials is SPD methods in which they are subjected to very large strains. [6, [9] [10] [11] Among the various SPD methods, high-pressure torsion (HPT) is the most effective grain refinement method in that it provides the largest imposed strain. [10] Even though large strains are imposed during HPT, the grain size reaches limit due to the balance between grain subdivision and recovery under high strain. [12] However, in consolidated pure metallic powders, minimum grain size can be reduced and microstructural stabilization can be improved by combining ''bottom-up''-type powder metallurgy with HPT. [13] [14] [15] In our previous paper, [13] room temperature (RT) HPT-consolidated Cu showed high strength then the HPT-processed initial solid Cu. However, consolidated Cu showed few percentage of ductility.
In this paper, to achieve both high strength and high ductility of Cu, we used a powder consolidation approach that consists of HPT followed by postannealing. The strength and ductility of the Cu produced using this approach was investigated using microtensile testing.
Water-atomized Cu powders (purity 99.5 pct with diameter <43 lm) were pre-compacted to disks (diameter 10 mm, thickness 0.8 mm) and consolidated at RT or 373 K (100°C) using an HPT press. Subsequently, severe plastic strains were imposed through 30 revolutions with a rotation speed of 1 rpm under constant pressure of 10 GPa.
To investigate the thermal stabilities, the HPT-processed specimens were annealed at 673 K (400°C) (homologous temperature of 0.5) for 1 hour in an Ar gas atmosphere, then furnace cooled to RT. Tensile tests (1.5-mm gage length, 0.7-mm width, and 0.6-mm thickness of dog-bone type specimens) were performed at RT with an initial strain rate of 1.0 9 10 À3 s À1 . During the tensile tests, precise strains were measured using an optical strain gauge system (ARAMIS 5M, GOM mbH, Germany). Microstructural characterization was conducted using transmission electron microscope (TEM) before and after post-annealing. The GB structures were investigated using EBSD with OIM 4.5 associated software and were analyzed in terms of fracture and ductility. For generating the CSL boundary map, grain tolerance angle of 15 deg was used.
Tensile stress-stain curves ( Figure 1 ) and mechanical properties and average grain sizes (Table I) were obtained for HPT-consolidated Cu (hereafter ''powder-HPT Cu'') processed at RT or 373 K (100°C), and for post-annealed specimens. The values of the HPTprocessed specimen from initial solid (non-powder) Cu (hereafter ''solid-HPT Cu'') were added for comparison. Two results are worth noting: first, the powder-HPT Cu specimen processed at RT exhibited the highest strengths: yield stress (YS) of 403 MPa and ultimate tensile stress (UTS) of 642 MPa; these high values are attributable to increase in dislocation density and decrease in grain size with decreasing HPT-processing temperature. Second, the powder-HPT Cu specimen EUN processed at RT showed a reasonably good failure elongation of 4.0 pct with high strength, but the powder-HPT Cu specimen processed at 373 K (100°C) showed higher failure elongation of 7.5 pct due to: (i) good consolidation with few remaining pores and (ii) good bonding of the interpowder surfaces. Although the total strain to failure was lower in the powder-HPT Cu consolidated at RT than in the powder-HPT Cu consolidated at 373 K (100°C), the failure elongation after annealing at 673 K (400°C) (homologous temperature of 0.5) increased to 7.6 pct, which is almost the same as that consolidated at 373 K (100°C) (7.5 pct), and a little smaller than that of the powder-HPT Cu specimen consolidated at 373 K (100°C) then post-annealed (8.2 pct). Moreover, the specimen that was consolidated at RT and postannealed showed high strength (UTS 616 MPa) with little loss of strength compared to the strength before annealing (UTS 642 MPa) and much higher than those of specimens consolidated at 373 K (100°C) (UTS 544 MPa) and of the post-annealed specimen (UTS 488 MPa). It should be noted that the powder-HPT Cu consolidated at RT and post-annealed showed higher failure elongation and better thermal stability than those of the HPT specimens processed at higher temperatures. The enhanced mechanical properties and thermal stability of powder-HPT Cu specimens are attributed primarily to strengthening by the grain size refinement and dispersion of the Cu oxide particles. [14, [16] [17] [18] To investigate the microstructure effects (grain size and Cu oxide), transmission electron microscopy (TEM) was applied on tangential planes of the powder-HPT Cu disks. The TEM specimens were also cut at a distance of 2.5 mm from the center of the HPT disk for uses as tensile testing specimens. Figure 2 shows bright-field and dark-field images of the microstructure of the specimens after the powder-HPT (Figures 2(a) and (b) ) and the post-annealing (Figures 2(c) and (d) ). The powder-HPT Cu specimen showed a narrow grain size distribution with homogeneous microstructures (Figure 2(e) ). Average grain sizes in the powder-HPT and post-annealed Cu specimens were 89 and 101 nm, respectively; these sizes impart good thermal stability of nanostructures as shown in the EBSD result of previous paper. [13] TEM analyses detected Cu oxide particles in the powder-HPT and post-annealed specimens. The Cu oxide particles probably came from the oxide layers on the surface of the initial powders. As SPD under high pressure proceeds, the Cu oxide layers from the powder surfaces probably become fine particles in the Cu matrix. [13, 14] Cu oxide particles (especially, as indicated by the white arrows) dispersed along the GBs and triple junctions ( Figure 3 ). These oxide particles influence both the microstructure evolution and the final steadystate microstructure. The oxide particles are mostly spherical with an average diameter of 10 nm. The nanoparticles along the GBs can form pinning points that hinder dislocation motions, and can thereby hinder recovery and recrystallization. Therefore, a fine microstructure could be obtained even after annealing at 673 K (400°C); accordingly, post-annealed specimens could retain high strength.
The characteristics and distribution of GBs in polycrystalline metals have prominent effects on many material properties: e.g., interface mobility, corrosion, crack nucleation resistance, and ductility. Interestingly, many investigations indicate that the types of boundaries, e.g., coincident site lattice (CSL) boundaries, present significant correlations with material properties. [8, [19] [20] [21] [22] [23] [24] Especially, low-R CSL boundaries, i.e., special GBs, are interpreted as having lower energy than other GB types (such as low-angle (2 deg £ h £ 15 deg) grain boundaries (LAGBs) and random high-angle (h ‡ 15 deg) boundaries (HAGBs)) and correspond to special properties. [20] Lim [22] studied the distributions of cracked and uncracked boundaries during low-cycle fatigue and found that boundaries with low-R values such as R3 and R5 did not generate cracks during the deformation process. Also, according to molecular dynamics simulations, the R5 CSL boundaries have higher tensile strength than do random boundaries [23] ;
hence, the presence of low-R CSL boundaries enhances the various mechanical properties of materials. The orientation imaging microscopy (OIM) was applied to quantitatively analyze the GB characteristics and distributions. Characteristics of GBs in the powder-HPT Cu of RT (Figure 4(a) ) and post-annealed specimens (Figure 4(b) ) were measured using FE-SEM/ EBSD. CSL special boundaries were identified using Brandon's selection criterion. [25] The powder-HPT Cu and the post-annealed Cu have very high fractions of HAGBs (Figures 4(a) and (b) ; Table II ). It is known that in SPD-processed materials ductility increases as misorientation angle increases. [26, 27] In the present study, the post-annealed Cu had more HAGBs (91.7 pct) and showed higher elongation (7.6 pct) than the elongation (4.5 pct) in the HPT-processed Cu of less HAGBs (87.6 pct). The fractions of random HAGBs in the powder-HPT Cu and post-annealed Cu were 74.3 and 71.5 pct, respectively. The CSL boundaries (R3-29) in the powder-HPT Cu and post-annealed Cu were 13.3 and 20.2 pct, respectively. In the HPT-processed Cu sample, the fraction of R3 [twin boundary (TB)] CSL boundary was 3.3 pct due to deformation twins. It should be noted that the present R3 CSL boundaries are deformation twin boundaries which are different from annealing twin boundaries. A majority of recent experimental results for annealing twins supports that a coherent TB forms because of a stacking error during GB migration. [28] On the other hand, in this study, deformation twin boundaries were formed during the HPT process by emissions of Shockly partial dislocations from GBs. The partial dislocations can readily emit from non-equilibrium GBs which were formed by the SPD process to nucleate deformation twins. [29, 30] Notably, the fraction of R3 CSL boundary was about three times larger in the post-annealed Cu than in the powder-HPT Cu (Figures 4(c) and (d); Table II) . From these quantitative analyses, the fraction of total HAGBs increased and the fractions of random HAGBs and LAGBs decreased after post-annealing. It was reported that TBs may act as both obstacles and accommodation sites for dislocations slip due to their coherent lattice characteristics, [31, 32] resulting in increased strength and ductility simultaneously. Comparing incoherent GBs to coherent TBs, the TBs may effectively release the stress concentration by dislocation slip along the TBs and allows accommodation of a considerable amount of plastic strain in the TBs. Thus, the increased ductility of the post-annealed Cu after the HPT process can be attributed to the increase in the amount of the R3 CSL boundaries.
Fracture is a complex phenomenon that consists of initiation and propagation of microcracks or nanocracks, and initiation and coalescence of microvoids or nanovoids. In general, fracture in Cu is generated by formation and coalescence of micro (nano)-voids along the GBs. [29] In previous work, we could measure the nanosized dimples on fracture surfaces and indicate that the fracture is caused by nanosized voids. [13] Accordingly, the voids can exist more easily at the GBs and high-energy triple junctions than in grain interiors. Furthermore, voids are more difficult to initiate at lowenergy special boundaries than at random boundaries. This is further evidence that the increased ductility of post-annealed Cu can be plausibly attributed to the increase in the fraction of low-R CSL boundaries.
In summary, the powder-HPT consolidation process could provide NC Cu with high strength and high ductility, and good thermal stability even after annealing at 673 K (400°C). The high tensile strength is due to fine grains, and the good thermal stability is due to welldispersed oxide particles in the matrix. The Cu specimen processed by HPT at RT has greater ductility after annealing than did Cu processed by HPT at 373 K (100°C). The high ductility is attributed to the increased fraction of special boundaries (low-R CSL boundaries) having low GB energy. 
